The study of handedness in nonhuman primate has been a topic of renewed interest over the past 15 years. In contrast to historical views, several recent reviewers have argued that population-level handedness is evident in some species of nonhuman primates for specific tasks (Bradshaw and Rogers, 1993; Fagot and Vauclair, 1991; MacNeilage et al., 1987; Ward and Hopkins, 1993) . Population-level handedness refers to the extent that a significant proportion of a sample population shows a specific directional hand preference for a task or set of tasks. The bulk of studies on handedness in nonhuman primates have focused on establishing whether a given species shows population-level handedness and, to a lesser extent, what effect certain postural or subject characteristics, e.g., sex or age, may have on the expression of hand use. One important factor in considering whether nonhuman primates exhibit population-level handedness is the extent to which effects are replicable across different laboratories and research settings, including comparisons of captive and wild subjects.
Of specific interest to our study is the extent to which populationlevel handedness might be present in a second sample of captive chimpanzees tested on a measure of hand use identical to one previously employed in another population of chimpanzees. With specific reference to chimpanzees, evidence of population-level handedness has largely come from the chimpanzees housed at the Yerkes National Primate Research Center (YERKES) (Hopkins and Pearson, 2000) . Population-level right handedness occurs in the YERKES colony for behaviors such as throwing , bipedal reaching (Hopkins, 1993) , bimanual feeding (Hopkins, 1994) and coordinated bimanual actions (Hopkins, 1995; Hopkins and Cantalupo, in press ). Attempts to study similar kinds of motor behaviors in other chimpanzee samples have not always confirmed the findings in the YERKES colony, though the trends or patterns of results are comparable, particularly for adult ape subjects (Colell et al., 1995a (Colell et al., , 1995b . In comparing findings between wild and captive populations, there is little consistency in results. In wild chimpanzees, there is little, if any, evidence of population-level handedness for tool-use (Boesch, 1991; McGrew and Marchant, 1991; Sugiyama et al., 1993) and spontaneous behaviors (Marchant and McGrew, 2001; McGrew and Marchant, 1996) . The lack of consistent findings between captive and wild chimpanzees has led some to suggest that the results reported in the YERKES colony are due to the apes being reared in a right-handed human environment and this in someway has biased their hand use (McGrew and Marchant, 1997) . In terms of the lack of consistent findings between captive settings, Palmer (2002) suggested that the reporting or recording of results in the YERKES colony might be biased due to inherent knowledge of the experimenters of these hypotheses. Palmer (2002) also suggested that the number of observations used to record hand use are not balanced and biases the effects toward population-level right-handedness in the YERKES chimpanzees.
In response to the criticism that the number of responses influences the representation of hand use, Hopkins and Cantalupo (in press) have shown that collecting the same number of responses for each subject had no effect on the expression of hand use for a coordinated bimanual use task in chimpanzees. Hopkins and Cantalupo (in press) have further argued that one important difference between the studies involving the YERKES chimpanzees in comparison to other studies in captive chimpanzees is sample size. Nearly all studies of the YERKES chimpanzees have had relatively large sample sizes (N > 100) compared to other studies (N < 50). The larger sample sizes in the YERKES colony provide for more statistical power, which may account for the detection of significant population-level effects (Hopkins, 1999) . Lastly, there is no evidence of differential hand use in the YERKES colony for any of the above stated measures when comparing apes reared by humans contrasted with those raised by chimpanzees. If raising the apes in a human environment were the potential explanation for the observed population-level right handedness, it would be predicted that apes reared by humans should be more right-handed than those raised by chimpanzees.
The purpose of our study was to address empirically the question of handedness replication in a separate population of captive chimpanzees. Specifically, we sought to investigate the distribution of hand preference for a coordinated bimanual task in a comparable sample size of chimpanzees housed at the Department of Veterinary Sciences of The University of Texas M. D. Anderson Cancer Center in Bastrop, TX (BASTROP) for comparison with the findings reported in the YERKES colony. If hand preferences are consistent between sample populations then comparable results should be found in the BASTROP sample. Moreover, the effects of differential rearing on the expression of handedness should be comparable between chimpanzee samples.
METHOD

Subjects and Housing
The BASTROP subjects are 116 chimpanzees housed at the Department of Veterinary Sciences of The University of Texas M. D. Anderson Cancer Center The comprise 63 females and 53 males ranging from 6 to 40 years old (Mean = 21.07 yrs, s.d. = 10.35). The chimpanzees were housed in a variety of social and physical settings including pairs in indoor-outdoor runs; small, mixed-sex groups (n = 3 − 7) in Primadomes; and, large, multimale-multifemale groups (n = 8 − 16) in enriched, outdoor corrals. The corrals are 22 m in diameter and have grass as ground cover, climbing structures and other movable enrichment objects, and each one has an indoor area (Riddle et al., 1982) . Primadomes are 10.7m in diameter and contain either grass, sand, or aspen chips as ground cover, and climbing structures and enrichment objects that are similar to those in the corrals. The indoor areas for Primadome-housed individuals are conventional indoor/outdoor runs totaling 2.4 × 6.1 × 2.4 m. Indoor/outdoor runs have concrete floors, raised resting boards, barred ceilings, some movable enrichment objects, and cinder-block walls.
Of the 63 female subjects, 25 were mother-reared, 11 were nurseryreared, 25 were wild-caught, and the rearing histories of the remaining 2 are unclear. Among the 53 male subjects, 27 were mother-reared, 8 were nursery-reared, 14 were wild caught, and 4 have unclear rearing histories. Mother-reared chimpanzees were reared by their biological mothers for >30 days. Nursery-reared subjects were brought to and raised in the nursery before they reached 31 days of age. Wild caught chimpanzees were captured in Africa. In order to simplify data analysis, chimpanzees with unknown rearing histories were grouped with the wild-caught apes since they were likely to be wild-caught, but we could not confirm their origin.
Procedure
We assessed hand preference via a task designed to elicit coordinated bimanual actions, referred to as the tube task. (Hopkins, 1995; . Briefly, we smeared peanut butter on the inside edges of poly-vinylchloride (PVC) tubes ca. 25 cm long and 2.5 cm in diameter. The peanut butter was on both ends of the PVC pipe and was enough down the tube so that the chimpanzees could not lick the contents completely off, but instead had to use their fingers to extract it. We handed PVC tubes to the BASTROP subjects in their intact social groups in their home enclosures and used focal sampling to collect data from individuals. We recorded the hand (right or left) and finger (1-5) used to extract the peanut butter for each probe sequence-(finger in, finger out, finger licked)-by the experimenter. We collected data until the subjects either 1) dropped the tube, 2) stopped extracting peanut butter for 10 sec, or 3) returned the PVC tube to the experimenter. The 10-sec limit did not include instances in which the subjects were locomoting with the PVC pipe. We specifically applied this time limit when the chimpanzee had the tube in hand, was stationary, and was not attempting to feed, usually due to the absence of any remaining peanut butter.
We tested each BASTROP subject on ≥ 2 occasions following the general procedures described by . Specifically, for one test, the subject was required to take the tube with its left hand. For the remaining test, the subject was required to take the tube with the right hand. The order of presentation of the tubes to either the left or right hand was randomized across subjects. If, at the end of the 2 test sessions, ≥30 responses were not performed by a subject, which occurred for 15 subjects, we performed 2 additional tests with the hand used to take the tube balanced across the two tests. Testing occurred in the outdoor portion of the runs, the Primadomes, and the corrals, and no individual was were separated for testing purposes. We conducted test sessions ca. twice per week to prevent habituation to the task. Most subjects attained the minimum criterion of 30 responses in the first 2 test sessions. We retested the 15 chimpanzees that required additional testing sessions to reach the minimum score criterion ≤3 mo of their initial sessions.
We recorded hand use while removing the peanut butter in 2 ways. First, we recorded bouts of right and left hand use. We separated bouts of hand use by any event that would result in a potential change in the use of one hand or the other. We separated bouts by either the chimpanzee's movement to a different area to resume feeding or when the subject rotated the tube in order to access the peanut butter from the opposite end. We only recorded a bout change when the tube was physically rotated and not when a subject simply rotated its wrist in order to access the peanut butter in the tube. In addition to bouts, we also recorded the frequency of hand use each time they removed peanut butter from the tube. Each time the chimpanzee reached into the tube with a finger, extracted peanut butter and brought it to mouth, we recorded the hand used as left or right.
Data Analysis
We characterized hand preferences several different ways. First, we calculated a bout handedness index (BHI) for each of the 2 test sessions (BHI1, BHI2) as well as for the overall number of bouts (SUM-BHI) by subtracting the number of left bouts from the number of right bouts and dividing by the total number of bouts. Second, as with the bout data, we calculated a frequency handedness index (FHI) for each of the two test sessions (FHI1, FHI2) as well as for the overall frequency (SUM-FHI) via the same overall formula. Third, we calculated mean handedness indices (MEAN-FHI, MEAN-BHI) by averaging the FHI1, FHI2 and the BHI1, BHI2 scores, respectively, in order to rule out the possibility that different frequencies from one test session to the other did not skew individual handedness and one direction or another. Fourth, based on the total left and right hand frequencies, we used z-scores to evaluate whether the hand preferences of individual subjects deviated significantly from chance. This is the procedure most frequently used in nonhuman primate studies (Hopkins, 1999) . We classified subjects with z-scores >1.96 or <−1.96 as right-and left-handed, respectively. We classified all other subjects as ambiguouslyhanded. For all analyses, α is p < .05. For all handedness indices, positive values reflect righthand biases and negative values reflect left hand biases. The absolute value of the handedness score reflects the magnitude of hand preference.
RESULTS
Reliability in Hand Use
We calculated handedness indices for the bouts and frequencies of hand use for the first and second test sessions as well as for the overall use in order to assess consistency in hand preference. For both bouts (r = .520, df = 111, p < .01) and frequencies (r = .533, df = 111, p < .01), the correlations are positive and significant, indicating that hand use for bouts and frequencies are consistent across test sessions in the BASTROP chimpanzees. Moreover, the handedness index for the overall bouts and frequencies are positive and significantly correlated (r = .925, df = 111, p < .01) indicating that the two different levels of analysis were measuring the same degree of hand use.
Population-Level Handedness
The mean handedness index scores and associated t-test values for the SUM-FHI, SUM-BHI, BHI1, BHI2, FHI1, and FHI2 are in Table I . We performed one-sample t-tests on each distribution of scores and population-level right handedness for all sets of scores. In terms of the zscores based on the frequencies of left and right hand use, there are 31 left-handed, 33 ambiguously-handed and 52 right-handed chimpanzees, respectively in the BASTROP sample. This distribution differs significantly from chance as revealed by a chi-square goodness-of-fit test [X 2 (2) = 6.95, p < .03, N = 116]. Subsequent chi-square tests indicated that the number of right-handed subjects differs significantly from the number of left- all measures (Table I) , we used only the SUM-FHI scores in subsequent analyses. Because the number of observations contributing to each handedness index value varied across subjects, we ran a correlation between sample size and the SUM-FHI score. and found no significant association (r = −.09, df = 114, n.s.). Figure 1 is a funnel plot scatter-plot depicting the association between sample size and hand use for the BASTROP sample. Palmer (2002) suggested that funnel-plots should be used to evaluate hand preference distributions in relation to sample size instead of correlation coefficients because they are more sensitive to irregularities in the data. In particular, funnel plots allow for evaluation of whether they conform to certain parameters of sampling bias in a distribution of scores. Palmer (2002) suggested that funnel plots be included in handedness studies, particularly in ones in which different numbers of observations are collected from subjects. In the funnel-graph, the distribution is relatively heterogeneous in terms of individual hand preference scores in relation to sample size (Fig. 1) . Thus, the observed pattern of population-level right handedness in the BASTROP sample does not appear to be due to differing numbers of observations among individuals.
Sex and Rearing Effects
We assessed the influence of sex and rearing history on the overall handedness score via a factorial analysis of covariance with the SUM-FHI score serving as the dependent variable while sex and rearing history served as between group variables. Age was the covariate. There is no significant main effect or interaction. We performed the same analysis on the strength of hand preference. For this analysis, the absolute value of each SUM-FHI score served as the dependent measure. There is no significant main effect or interaction. 
Comparison with Previous Findings in the YERKES Chimpanzees
To assess whether there are differences in the degree of handedness as a function of housing facility, we compared data from the BASTROP chimpanzees (n = 116) to findings on 110 YERKES chimpanzees on the same task via the identical procedure . We compared the samples on both direction and strength of hand preference. We performed 2 separate analyses of co-variance via the SUM-FHI and the absolute value of the SUM-FHI as the dependent measures for each analysis. Colony (BASTROP, YERKES), sex (male, female) and rearing history (mother-reared, humanreared, wild-caught) served as between group variables. Subject age served as a covariate. With respect to directional biases in hand use, there is no significant main effect or interaction involving the colony variable. However, there is a significant main effect for rearing history [F (2,213) = 4.16, p < .02]. Post hoc analysis using Tukey's Honestly Significant Difference indicates that mother-reared chimpanzees have significantly higher SUM-FHI scores than wild-caught chimpanzees. (fig. 2 ). For strength of hand preference there is no significant main effect or interaction. 
DISCUSSION
Three primary findings emerged in our study. First, there is populationlevel right handedness in a second colony of captive chimpanzees for a coordinated bimanual action task. Second, hand use is consistent between tests, despite experimental efforts to bias hand use toward a bimodal distribution of hand use. Third, when the data were combined from the BASTROP and YERKES chimpanzees, we found significant rearing differences in hand preference, with mother-reared chimpanzees displaying significantly more right-handedness than that of wild-caught chimpanzees.
There is considerable consistency in the findings across the YERKES and BASTROP chimpanzee samples. The overall handedness scores are comparable and the general pattern of results is the same when subjects are compared by rearing condition in each colony. Our results indicate that population-level handedness in chimpanzees is not restricted to the YERKES colony, a finding that contradicts recent criticisms by Palmer (2002) and McGrew and Marchant (1997) . One of the major strengths of our study derives from the fact that the same measure was employed in the YERKES and BASTROP colonies. In contrast, many other attempts to compare findings in different samples of chimpanzees have relied on different measures/procedures (Hopkins and Pearson, 2000; McGrew and Marchant, 1997) . Often, comparisons among chimpanzee samples, as well as among different species, are difficult because of the use of various measures, procedures or statistical analyses (Hopkins, 1999) . Our findings clearly reinforce the notion that for truly comparative investigations of handedness, comparable, if not identical, measures of hand use are needed in order to make meaningful inferences from the results.
When data from the two chimpanzee samples are combined there is a significant main effect for rearing condition, with captive-born, motherreared chimpanzees showing significantly higher handedness scores than those of wild-caught subjects. Prima facie, our results support the general conclusion forwarded by McGrew and Marchant (1997) that populationlevel handedness is an artifact of chimpanzees being raised in a right-handed human environment. However, there are limitations to this interpretation that should be considered when attempting to explain the observed patterns of results. First, rearing status is, to some extent, confounded with subject age. In other words, there are no wild-caught younger subjects; all wild-caught subjects are relatively old (>23 years of age in the 2 samples). The mean age for wild-caught, captive-born mother-reared and captive-born humanreared chimpanzees is 32, 14, and 13 years, a difference that is significant F (2,224) = 185.14, p < .001. Thus, some of the effect may simply be due to age rather than rearing per se. Second, most, if not all, of the wildcaught chimpanzees were captured at a very young age (<2 yr) and therefore have been in captivity for the majority of their lives. Unless the argument can be made that chimpanzee hand preferences are fully developed by 2 years of age (Hopkins, 1994 (Hopkins, , 1995 , then all of the wild-caught chimpanzees had ample opportunity to develop a right-side bias as a result of exposure to a human environment. In fact, the argument could be made that they should be more right-handed than the remaining chimpanzees because they have been exposed to human rearing and an artifactual environment for a substantially longer period of time (≥18 yrs, on average). Third, any explanation that rests on the assumption that human-rearing biases captive chimpanzees toward right-handedness must address why the mother-reared chimpanzees are more right-handed than the human-reared subjects. Common sense would suggest that the opposite pattern should emerge, since human-reared subjects had significantly higher levels of contact with human beings.
One possible explanation for the observed rearing effects is the potential relationship between perinatal stress and the development of hemispheric specialization, as manifest in behavioral and brain asymmetries. In rats, preand postnatal stress affects the development of behavioral and brain asymmetries (Denenberg, 1988; Tang and Verstynen, 2002) . colleagues (2000, 2001) have reported some interesting findings concerning measures of early stress and hand preferences in monkeys. Specifically, measures of cortisol at 6 mo of age correlate with handedness at 6 and 12 mo of age in both capuchins (Westergaard et al., 2000) and rhesus monkeys . In both species, higher cortisol levels, which indicate greater stress, are associated with right hand use in reaching. It is important to emphasize that overall, the capuchins and rhesus monkeys showed population-level left handedness (Westergaard et al., 2000; . Thus, higher cortisol levels were associated with nondominant, or atypical, handedness in them. From the standpoint of our results, the wild-caught subjects were all captured early in life, no doubt an extremely stressful experience for the subjects. The early stress associated with capture and subsequent maternal separation may have significantly altered the development of lateralization in them versus subjects born and raised in captivity. As has been argued elsewhere, differences between handedness findings in captive and wild populations are complex and are affected by multiple important factors. In order to make definitive comparisons between settings (Hopkins, 1999) , studies that make use of procedures that bridge the methodological gap between wild and captive apes must be conducted.
In conclusion, the handedness findings in the BASTROP chimpanzee colony are consistent with those previously reported in the YERKES chimpanzees for a task measuring coordinated bimanual actions. Attempts to replicate handedness findings for the TUBE task between different captive populations of capuchins (Spinnozi et al., 1998; Westergard et al., 1996) and rhesus monkeys (Westergaard et al., 1996; Westergaard et al., 1998) has not yielded consistent results, which points to the importance of replication in handedness studies. The attempts to replicate the TUBE results in monkeys have not necessarily used the exact same procedures or subjects with comparable rearing histories, which similarly points to the importance of controlling for methodological and subject factors when comparing findings among settings. That the BASTROP and YERKES chimpanzees were tested via the same procedure, and had similar demographics in terms of subject variables, may have contributed to our positive results.
Finally, in addition to the important dimension of replication, testing additional chimpanzee colonies will collectively increase the sample sizes to levels that would allow for complex statistical analyses of various genetic and nongenetic models of handedness. Hopkins, Dahl and Pilcher (2001) conducted preliminary and largely descriptive behavioral-genetic analyses of handedness in the YERKES chimpanzees, but with increased samples sizes from other chimpanzee colonies, the potential use of more precise quantitative analyses that would provide estimates of the contributions of genetic and nongenetic factors to the expression of handedness in chimpanzees will be feasible. This would be invaluable data to test evolutionary theories that proclaim the genetic basis of handedness to be a uniquely human adaptation (Annett, 1985; Corballis, 1999; Warren, 1980) .
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